The cytoplasmic dynein complex is fundamentally important to all eukaryotic cells for transporting a variety of essential cargoes along microtubules within the cell. This complex also plays more specialized roles in neurons. The complex consists of 11 types of protein that interact with each other and with external adaptors, regulators and cargoes. Despite the importance of the cytoplasmic dynein complex, we know comparatively little of the roles of each component protein, and in mammals few mutants exist that allow us to explore the effects of defects in dynein-controlled processes in the context of the whole organism. Here we have taken a genotype-driven approach in mouse (Mus musculus) to analyze the role of one subunit, the dynein light intermediate chain 1 (Dync1li1). We find that, surprisingly, an N235Y point mutation in this protein results in altered neuronal development, as shown from in vivo studies in the developing cortex, and analyses of electrophysiological function. Moreover, mutant mice display increased anxiety, thus linking dynein functions to a behavioral phenotype in mammals for the first time. These results demonstrate the important role that dynein-controlled processes play in the correct development and function of the mammalian nervous system.
Introduction
In mammals cytoplasmic dynein 1 is a large complex of proteins whose constituent members are defined by their molecular weights: the heavy chain (encoded by a single gene Dync1h1); the intermediate chains (Dync1i1, Dync1i2) ; the light-intermediate chains (Dync1li1, Dync1li2) ; the light chains (Dynlt1, Dynlt3, Dynlrb1, Dynlrb2, Dynll1, Dynll2) (Pfister et al., 2005 (Pfister et al., , 2006 Höök and Vallee, 2006; Levy and Holzbaur, 2006) . The stoichiometry of the intact complex is not known exactly, but at its core lies a homodimer of heavy chains, which binds to microtubules enabling cytoplasmic dynein to move in an ATP-dependent man-ner (Gennerich et al., 2007) . The other subunits are thought to maintain the stability of the complex, to modulate its activity, and to interact with accessory and cargo proteins. However, while it has been established that the individual dynein subunits can have complex cell-specific splicing patterns (Pfister et al., 1996a,b; Salata et al., 2001; Ha et al., 2008; Kuta et al., 2010) , we know comparatively little regarding the specific functions of the separate subunits.
One way to study dynein function is to investigate individual genes/protein mutations, however, in mammals the only DYNC1 (cytoplasmic dynein) mutations so far described are four alleles of mouse Dync1h1, one of which is a knock-out (Harada et al., 1998; Hafezparast et al., 2003; Chen et al., 2007) . The point mutants (all detected in phenotype-driven screens) give highly informative phenotypes compared with those seen in knock-out animals and have uncovered roles that are not detected in null animals (Harada et al., 1998; Hafezparast et al., 2003; Kieran et al., 2005; Chen et al., 2007; Banks and Fisher, 2008; Ilieva et al., 2008; Dupuis et al., 2009) .
To further investigate the role of individual dynein subunits, we have used a genetic technique, random chemical mutagenesis, and then taken a genotype-driven approach using a mouse with a point mutation in the dynein light intermediate chain 1, DYNC1LI1. We chose this subunit because it binds important cargos including pericentrin (Tynan et al., 2000) and Na ϩ chan-nels (Zheng et al., 2008) , and in Aspergillus DYNC1LI1 stabilizes the interaction of heavy and intermediate chains (Zhang et al., 2009 ). Thus it is likely that dynein light intermediate chains play critical roles within the cell and therefore in the organism as a whole. However, at the time of writing no mammalian model of light intermediate chain dysfunction has been published.
We identified and characterized a mouse carrying a point mutation in Dync1li1. We find mutant mice have increased anxiety-like behavior, changes in cortical and peripheral neuronal outgrowth and branching, hypotrophy of sensory neurons and electrophysiological defects and at the cellular level defects in Golgi reassembly and endosome sorting and trafficking. Thus this genotype-driven approach, characterizing a mouse with a relatively subtle point mutation, has revealed a range of unsuspected essential functions dependent on the cytoplasmic dynein complex.
Materials and Methods

Animal studies
Wherever possible, all methods were undertaken blind to mouse genotype, which was decoded after the results were collected. The animal studies were performed under guidance issued by the UK Medical Research Council in Responsibility in the Use of Animals for Medical Research (1993) and under license from the UK Home Office.
Heteroduplex screening the MRC Mammalian Genetics Unit ENU DNA archive
The Dync1li1 N235Y mutation arose in an ENU mutagenesis experiment at the MRC Mammalian Genetics Unit, MRC Harwell, UK (Nolan et al., 2000) . Briefly, BALB/cAnN male mice are treated with ENU which results in random point mutations in the sperm of these animals. These males are crossed with C3H/HeH females to produce F1(C3H/HeH ϫ BALB/cAnN) progeny carrying heterozygous random point mutations. Genomic DNAs are archived from F1(C3H/HeH ϫ BALB/cAnN) males for subsequent screening; sperm samples are archived in parallel for rederivation of mouse lines. Genomic DNAs from archive were analyzed by heteroduplex analysis following the protocols outlined in (Quwailid et al., 2004) . Please see supplemental material (available at www.jneurosci. org) for primer sequences and complete methodology.
Rederivation and genotyping of Dync1li1 N235Y mouse strain
Frozen sperm from the Dync1li1 N235Y mutant F1 male mouse was used for in vitro fertilization (IVF) with C57BL/6J females; we used 50 two-cell stage embryos for implantation into two pseudo-pregnant C57BL/6J females, resulting in 12 animals, of which 3 females and 1 male were heterozygotes and were used as founders for our Dync1li1 N235Y colony. Subsequently the sex of the Dync1li1 N235Y heterozygote animal used in backcrosses was alternated for each generation so that nuclear, mitochondrial and Y chromosome DNA was all of C57BL/6J origin.
DNA was extracted from mouse tail biopsies using a genomic DNA isolation kit (Promega UK Ltd). Genotyping was performed by allelespecific PCR. Two amplifications were performed per genomic DNA sample: one PCR amplified the wild-type Dync1li1 allele only (DLIC1WT forward: ATCTCTGGCCGCCAAGGTCC; DLIC1WT reverse: AG-CACTGGTAGGCCCAGATT) generating a fragment of 427 bp. The second PCR amplified the Dync1li1 N235Y allele only (DLIC1N235Y forward: TTACCACTGAGCCATCTCTG; DLIC1N235Y reverse: AGCACTGG-TAGGCCCAGGTA) generating a fragment of 440 bp. Both reactions also contained primers to amplify an unrelated DNA fragment of 590 bp from Dync1i2 (control forward: GTTGACAGGATTTAATTGGCC; control reverse: TGTGACAATGGCAACGTCAG). PCRs were performed for 35 cycles, annealing temperature 66°C, using MegaMix Gold (Microzone) according to the manufacturer's instructions. Products were visualized on a 2% agarose gel. If the control fragment was absent, the reaction was "failed." If the control fragment was present samples in which the wild-type Dync1li1 allele and not the Dync1li1 N235Y allele amplified were genotyped as Dync1li1 ϩ/ϩ ; those with the Dync1li1 N235Y allele and not the wild-type allele were scored as Dync1li1 N235Y/N235Y ; samples in which both the wild-type allele and the Dync1li1 N235Y allele amplified were genotyped as Dync1li1 N235Y/ϩ .
Behavioral tests
Please see supplemental material (available at www.jneurosci.org) for methods for open field behavior, food and water intake, glucose preference, wheel running, accelerating rotarod, modified SHIRPA, spontaneous alternation and water maze.
Spontaneous locomotor activity. Spontaneous locomotor activity was assessed in transparent plastic cages with two horizontal photocell beams located along the long axis of each cage, during a single 2 h test session (without habituation to the test cage). Female mice were used only and were placed individually into the activity cages, and the total number of beam breaks made by each mouse was recorded.
Plus maze. The plus maze had four arms (each 27.5 ϫ 5.5 cm) arranged in a cross formation: two "closed" arms bordered by 30-cm-high walls and two "open" arms without walls. The maze was elevated 50 cm above the ground and illuminated by bright white light. Female mice were used only and were placed at the distal end of a closed arm and their movements were recorded for 5 min. Behavioral analysis was performed using an automated tracking system (Ethovision XT) which measured the time spent in each region, the number of entries to each region, the latency to enter an open arm and the distance traveled.
Successive alleys. The successive alleys apparatus consisted of four increasingly anxiogenic, linearly connected wooden alleys. Each alley was 45 cm in length. The alleys had the following dimensions: alley 1 ϭ 9 cm wide, 29-cm-high walls, painted black; alley 2 ϭ 9 cm wide, 2.5-cm-high walls, painted gray; alley 3 ϭ 6.7 cm wide, 0.5-cm-high walls, painted white; alley 4 ϭ 5 cm wide, 0.3-cm-high walls, painted white. A 2 cm step down led from alley 2 to alley 3, with a further 0.5 cm step down between alleys 3 and 4. The apparatus was elevated 1 m above the floor in a well lit laboratory. Female mice used only and were placed individually at the closed end of Alley 1, facing the wall. Each trial lasted for 300 s, during which time the latency to first enter, the total time spent in, and the number of entries into, each section were recorded.
Weight lifting. Strength testing was performed using a set of seven weights of linearly increasing mass. Each mouse was held by the tail, and its forepaws were allowed to grasp a ball of wire mesh to which a weight was attached; female mice were used only. If the mouse lifted this weight for 3 s it was tested on progressively heavier ones. The weight lifting score was calculated from the heaviest weight lifted and the number of seconds for which the weight was held.
CatWalk. Female mice were used only and were allowed to walk spontaneously up and down the glass CatWalk walkway while images were collected by a video camera placed below. Three crosses of the walkway were analyzed for each animal and the data averaged. A number of parameters were examined, including footstep sequence, front and hind base of support, regularity, and paw print size, angle and intensity.
Cortical neuron dendrite analysis
Uterine horns were removed from time-mated heterozygous Dync1li1 N235Y/ϩ mice at embryonic day 15 (E15) under anesthesia (isoflurane, 2.5 L/min). Approximately 0.5 l of solution containing enhanced green fluorescent protein (GFP)-pCIG2 expression plasmid (2 g/l) and Fast Green dye was injected into the lateral ventricle using a micropipette under pressure (FemtoJet, Eppendorf). Electroporation paddles were oriented to target GFP incorporation to neurons eventually populating the PFC. Electroporated embryos were placed back into the mother and allowed to develop normally, until either E17 or postnatal day 15 (P15). Embryos harvested at E17 were used to prepare dissociated cortical neuron cultures, according to established methods (Banker and Goslin, 1998) : briefly, dissected cortices were trypsinized (0.125%, Invitrogen), dissociated and plated into the wells of poly-L-lysine (0.01%, Sigma)-coated Labtek chamber slides at a density of 1 ϫ 10 5 cells per chamber. Cultures were maintained in Neurobasal medium with supplements (B-27, Glutamax and penicillin/streptomycin, Invitrogen), until they were fixed at 10 days in vitro (DIV) with 4% paraformaldehyde (PFA) and immunolabeled with an antibody to GFP (1:100, Morpho-Sys). Up to 20 GFP-labeled neurons per embryo were imaged using a DeltaVision microscope and Softworks software. Neurolucida software was used to trace photographed neurons and analyze dendritic characteristics in wild-type and Dync1li1 N235Y/N235Y neurons. In all cases data were checked for normal distribution using the D'Agostino and Pearson test, then compared for statistical differences using the t test or nonparametric Mann-Whitney U test.
Alternatively, GFP-expressing mice at P15 were transcardially perfused with 0.9% saline, followed by 4% paraformaldehyde. Brains were removed, postfixed for 1 h in 4% PFA, then vibratome cut coronal sections (100 m) were imaged using an SP5 Multiphoton, Leica confocal system to observe the architecture of the cortex, in particular the organization of layer II/III projection neurons and their dendritic arbors. Confocal images were collected using Leica software and were processed using Volocity, NIH ImageJ, and Photoshop (Adobe) software. Fluorescence intensity was plotted using NIH Im-ageJ, as a measure of GFP-positive neuron position within the neocortex.
Conditioning lesion and sensory neuron cultures
Mice of either sex were subjected to unilateral sciatic nerve crush at mid-thigh level. Three days after injury, dissociated cultures were prepared from the L4 -5 dorsal root ganglia (DRGs) ipsilateral and contralateral to the nerve crush as described previously (Hanz et al., 2003) . The dissociated DRGs were plated in DMEM/F12 medium supplemented with N1 and 10% horse serum on laminin-coated glass coverslips at a density of 2-5 neurons/mm 2 . After 20 h cultures were fixed in 4% paraformaldehyde, stained with anti-NFH (neurofilament heavy chain) and number of branches per neuron was measured using MetaMorph software on digital images captured by ImageX-pressMicro (Molecular Devices) fluorescent automatic microscope at 10ϫ magnification.
Conduction studies and dorsal root ganglion histology
Skin-nerve preparation. Animals of either sex, 3-4 months of age, 7 wildtype and 8 Dync1li1 N235Y/N235Y littermates were killed by cervical dislocation. There were no obvious gross morphological differences of the nerves on dissection. The skin nerve preparation was performed as described previously (Koltzenburg et al., 1997) . The saphenous nerve with the skin of the hind leg attached was dissected free and placed "insideup" in an organ bath. The preparation was superfused (15 ml/min) with an oxygen-saturated modified synthetic interstitial fluid solution containing the following (in mM): 123 NaCl, 3.5 KCl, 0.7 MgSO 4 , 1.7 NaH 2 PO 4, 2.0 CaCl 2, 9.5 sodium gluconate, 5.5 glucose, 7.5 sucrose, and 10 HEPES at a (mean Ϯ SD) pH of 7.4 Ϯ 0.05 and a temperature of 32.0 Ϯ 0.5°C.
Recordings of A-and C-fiber sensory nerve compound action potential (SNAP) were made using a low noise custom-made amplifier and HP 1 Hz, LP 1 kHz filter setting without a notch filter. The nerve was stimulated with a fine monopolar steel needle as cathode and the anode placed close by in the organ bath. Values given are mean Ϯ SEM. Statistical comparison was made with a nonpaired t test.
Motor nerve conduction velocity studies. Animals of either sex, 4 -5 months of age, 5 wild-type and 5 Dync1li1 N235Y/N235Y littermates were studied in vivo. Mice were anesthetized with isoflurane and studied using a Viking Quest EMG machine (generously donated by CareFusion). Compound action potentials were recorded from small foot muscles with needle electrodes and 10 Hz HP and 10 kHz LP filters. The recording electrode was inserted perpendicularly through the plantar skin midway between the metatarsal-phalangeal joints and the ankle. The reference electrode was inserted into the hallux. The tibial nerve was stimulated at the ankle and the sciatic nerve at the sciatic notch using a pair of monopolar needle electrodes. Needle EMG was obtained with a thin (30 ga, "facial") concentric needle electrode with a recording area of 0.03 mm 2 from intrinsic foot muscles or the medial gastrocnemius muscle using 10 Hz HP and 10 kHz LP filters. Values given are mean Ϯ SEM. Statistical comparison with made with a nonpaired t test.
Histological analyses of DRGs. Animals of either sex, 3-4 months of age, 4 wild-type and 3 Dync1li1 N235Y/N235Y littermates were used in this analysis. Cervical and lumbar DRGs were fixed in a 4% PFA and subsequently soaked in a sterile 10% sucrose solution (in PBS) for 2 h and then successively transferred to increasing concentrations of 20% sucrose for a further 2 h and finally a 30% solution overnight at 4°C. Cryoprotected lumbar or cervical DRGs were embedded in OCT and sectioned on a cryostat at 10 m.
Fixed or unfixed skin. Analysis of epidermal nerve fiber density using PGP9.5 (a marker for unmyelinated fibers) (Achilli et al., 2009) , Merkel cells (using cytokeratin 18), and large myelinated fibers stained for neurofilament heavy chain (N52) was undertaken. Sections were double immunostained at room temperature following permeabilization with Triton-X and blockade with donkey serum either using a mouse IgG1 monoclonal anti-neurofilament 200 (N52, Sigma) antibody and a rabbit polyclonal anti-peripherin antibody (Millipore Bioscience Research Reagents, AB1530) or using the mouse IgG1 monoclonal anti-parvalbumin (235 Swant) or a rabbit polyclonal antiserum to calcitonin gene-related peptide (CGRP) (1134, Biomol International). Primary antibodies were applied overnight, secondary antibodies were an Alexa Fluor 488 donkey anti-rabbit IgG (Invitrogen, A21206) and a Cy3 donkey anti-mouse IgG (Jackson ImmunoResearch) and applied for 2 h. Slides were mounted using a Vectashield mounting media with a nuclear DAPI stain and viewed on a Zeiss Axiophot 2. Images were taken at a 20ϫ fluor objective and captured using appropriate filters.
Data analysis
Cell counts for NFH/peripherin immunostaining. Lumbar and cervical DRGs from each animal were analyzed separately. Captured images were viewed in Adobe Photoshop CS4. A minimum of 200 cell profiles, constituting approximately three dorsal root ganglion (DRG) sections, were analyzed for each animal and the number of cell profiles positive for each marker was recorded. Of those profiles showing nuclei, the areas and perimeters of at least 50 cells positive for each marker were recorded using a 21-inch LCD (liquid crystal display) digitalizing tablet with Adobe Photoshop software. The mean data from individual animals was then combined so that group data from mutant animals could be compared with the data from the wild-type animals.
Cell counts for parvalbumin/CGRP immunostaining. As with the NFH/ peripherin immunostaining, the lumbar and cervical DRGs were analyzed separately. A minimum of 400 cell profiles were counted for each animal and areas were recorded for those profiles which showed immunoreactivity for each marker using the same software as for the NFH/ peripherin counts. The nuclei of parvalbumin and CGRP-immunoreactive cells were not always visible so the areas of all the immunoreactive cell profiles were measured as opposed to just those profiles that had been sectioned in the nuclear plane.
Mouse embryonic fibroblast protocols
Creation of mouse embryonic fibroblasts. A pregnant female was sacrificed at day 13.5 postcoitum by cervical dislocation, embryos were separated and kept in L-15 medium on ice (Invitrogen) before processing. Head and visceral organs were removed and tissues were minced using razorblades and suspended in 1.5 ml of 0.05% trypsin (Invitrogen) in DPBS supplemented with 10 mM MgCl 2 and DNase I (200 U, Invitrogen). Tissue was incubated at 37°C, 20 min, transferred into 4 ml of warm medium [DMEM supplemented with 10% FBS and 1:100 (v/v) penicillin/streptomycin]. Remaining pieces of tissue were allowed to settle to the bottom of the tube and cell suspension was transferred into cell culture flasks (Nunc).
Golgi reassembly after disruption with nocodazole. E13 mouse embryonic fibroblasts (MEFs) were grown to 70% confluence on round coverslips in 6 well plates in standard DMEM at 37°C, 3% O 2 . Standard DMEM was replaced by ice-cold standard DMEM containing 15 mM HEPES, cells were left on ice for 30 min. This was replaced with DMEM containing 10 g/ml nocodazole, and cells were incubated at 37°C, 3 h, 3% O 2 . Nocodazole was washed from the cells 5 times in DMEM and cells returned to 3% O 2 , 37°C incubator to recover for 0, 30 and 50 min before being fixed in Ϫ20°C methanol, 8 min. The cells were then washed 3 times in PBS containing 0.2% gelatin from coldwater fish skin (PBSG). Samples were stained for Golgi using rabbit polyclonal anti-giantin (1: 1000) (Covance) and cytoskeleton using mouse monoclonal anti-␣tubulin (1:200) (Millipore); secondary antibodies were Alexa Fluor 546conjugated goat anti-rabbit IgG (1:200) (Invitrogen) and Alexa Fluor 488-conjugated goat anti-mouse IgG (1:200) (Invitrogen). Antibodies were diluted in either PBSG (anti-giantin) or PBSϪ (PBS without magnesium or calcium) for 30 min, room temperature. Finally, cells were mounted on glass slides using ProLong Gold antifade mounting medium, containing 4Ј,6Ј-diamidino-2-phenylindole dihydrochloride (DAPI) (Invitrogen), and allowed to cure for 24 h at room temperature, then stored at 4°C.
Endosomal trafficking chase of Alexa Fluor-conjugated epidermal growth factor
E13 MEFs were grown to 80% confluence on round coverslips in 6 well plates in standard DMEM at 37°C, 3% O 2 and then washed twice with PBS, without calcium or magnesium (PBSϪ). Cells were starved for 2 h in starving medium (DMEM, penicillin/streptomycin, and L-glutamine) at 37°C, 3% O 2 , before stimulation for 10 min with warmed starving medium containing 8 ng/ml Alexa Fluor 555-conjugated epidermal growth factor (EGF) (Invitrogen) and 0.1% BSA. Cells were washed twice with ice-cold PBSϪ and the internalized EGF was chased for 0, 20, and 40 min. Samples were then fixed at the given time points with 4% PFA for 15 min, and permeabilized for 5 min in 0.1% Triton X-100 and blocked in 2% BSA, 1 h. Samples were then mounted on glass slides using ProLong Gold antifade mounting medium containing DAPI (Invitrogen) and allowed to cure for 24 h, room temperature, then stored at 4°C.
Results
Origin and inheritance of Dync1li1 N235Y mutation An archive of genomic DNAs from novel mice with random point mutations has been created at the MRC Mammalian Genetics Unit, UK in an N-ethyl-N-urea (ENU) driven mutagenesis program (Nolan et al., 2000) . To take a genotype driven approach to understanding dynein subunit function, we screened this archive for Dync1li1 exon 5 since it is one of the largest protein coding exons in the gene and the larger the stretch of DNA screened, the higher the probability that a mutation will be found. We amplified a 248 bp fragment (including complete 170 bp of exon 5), multiplexed at four DNA samples per well. A heteroduplex screen of 1248 amplicons (i.e., 4992 pools) showed a possible mutation in one DNA pool (supplemental Fig. S1 A, available at www.jneurosci.org as supplemental material); sequencing revealed the single mutant DNA sample (supplemental Fig. S1 B, available at www.jneurosci.org as supplemental material). Thus in our amplicon we detected 1 mutation per 1.24 ϫ 10 6 bp, of which 0.85 ϫ 10 6 bp were protein coding.
The Dync1li1 mutation was an A to T change at base pair 795 (cDNA numbering; Mouse Genome Informatics accession number MGI:2135610) causing an asparagine to tyrosine change at the highly conserved residue 235: Dync1li1 N235Y (Fig. 1 ). This mutation was not found in either parental strain, BALB/cAnN or C3H/HeH, confirming it is not a singlenucleotide polymorphism (nor is it found in C57BL/6).
The Dync1li1 N235Y mouse line was rederived by IVF and 4 animals (3 female, 1 male) were used as the founders for our Dync1li1 N235Y colony. These mice were crossed to C57BL/6J mice and subsequent generations were backcrossed to produce a congenic strain or intercrossed to produce homozygous animals. At N5, 8 Dync1li1 N235Y/ϩ heterozygous males were crossed with 14 Dync1li1 N235Y/ϩ heterozygous females, producing 37 litters with an average size of 8 pups per litter. The sex ratio did not vary from normal (143 males, 147 females; 2 ϭ 0.09). Homozygous animals were viable and the genotype ratios were not significantly altered from Mendelian norms (79 wild type, 140 heterozygote, 71 homozygote; 2 ϭ 2.86). Homozygotes were fertile-two intercrosses of homozygous males and females produced litters of 11 and 7 homozygous pups.
We went on to test the mutant mice for phenotypic differences: all phenotyping was performed blind to genotype on wildtype and homozygous age-, sex-matched littermates. Note that although the backcross generation of mice used varied between experiments, all mice within each experiment were of the same generation on C57BL/6J.
Behavioral analysis and histology of brain and spinal cord
To determine whether the Dync1li1 mutation plays a role in behavior, female mice (12 wild type, 11 Dync1li1 N235Y/N235Y homozygotes, N4) were assessed. We found no difference between genotypes in open field behavior, food and water intake, glucose preference or wheel running (supplemental Fig. S2 A, B , available at www.jneurosci.org as supplemental material). However, when placed in a novel environment Dync1li1 N235Y/N235Y mice displayed lower levels of spontaneous locomotor activity than wildtype littermates (F (1,21) ϭ 4.35; p Ͻ 0.05) ( Fig. 2 A) .
Next, anxiety was examined using the elevated plus maze. Compared with wild types, Dync1li1 N235Y/N235Y mice had a longer latency to first enter an open arm (U (11,12) ϭ 29.0; p Ͻ 0.05), spent less time in the anxiogenic open arms (U (11,12) ϭ 100.5; p Ͻ 0.05) and more in the closed arms (U (11,12) ϭ 13.0; p Ͻ 0.01) (Fig.  2 B) and made fewer entries to the open arms (U (11,12) ϭ 103.0; p Ͻ 0.05) and the closed arms (U (11,12) ϭ 112.5; p Ͻ 0.005) ( Fig.  2C ). However, the distance moved by the Dync1li1 N235Y/N235Y mice did not differ from that of wild types (t (21) ϭ Ϫ1.50; p ϭ 0.15), suggesting that the reduced exploration of the open arms could not be explained by hypoactivity. In addition, Dync1li1 N235Y/N235Y mice displayed significantly increased defecation during the task compared with wild types (U (11,12) ϭ 28.0; p Ͻ 0.05).
Anxiety was further examined using the successive alleys task (Deacon et al., 2003) . Again, Dync1li1 N235Y/N235Y mice were slower to move into the more anxiogenic second alley (U (11,12) ϭ 26.0; p Ͻ 0.05), spent less time in the second alley (U (11,12) ϭ 106.0; p Ͻ 0.05) (Fig. 2 D) and made fewer entries into the second alley (U (11,12) ϭ 110.0; p Ͻ 0.01) (Fig. 2 E) . The small number of animals (4 wild type, 0 Dync1li1 N235Y/N235Y ) that ventured beyond the second alley meant that valid analyses could not be performed on alleys 3 and 4. Thus the results of the plus maze and successive alleys tasks suggest that the Dync1li1 N235Y/N235Y mice display increased anxiety compared with their wild-type littermates.
At 6 months of age the performance of Dync1li1 N235Y/N235Y mice on the accelerating rotarod did not differ from that of wild types (t (21) ϭ 0.47; p ϭ 0.64). However, Dync1li1 N235Y/N235Y mice tended to be slightly stronger than wild types on a weightlifting test of grip strength (U (11,12) ϭ 35.5; p ϭ 0.06) (supplemental Fig.  S2C , available at www.jneurosci.org as supplemental material). In addition, examination of gait using the CatWalk analysis system found that the ratio of forepaw base of support (BOS) to hindpaw BOS was significantly reduced in the homozygous mutant animals (t (21) ϭ 3.21; p Ͻ 0.005) compared with wild-type littermates. This was due to a relative narrowing of the forepaw BOS coupled with an increase in the hindpaw BOS (Fig. 2 F) . We performed the modified SHIRPA test (Rogers et al., 1997 (Rogers et al., , 2001 , which included further rotarod and grip strength measurements, upon male and female mice up to 52 weeks of age but found no difference between homozygotes and wild-type controls (supplemental material, supplemental Fig. S2 I, J , available at www.jneurosci.org as supplemental material) and no differences in tests of hippocampal spatial working memory (spontaneous alternation) (supplemental Fig. S2 D, available at www.jneurosci.org as supplemental material), or reference memory acquisition and reversal (supplemental material, supplemental Fig. S2 D-H , available at www.jneurosci.org as supplemental material).
Given the behavioral and gait abnormalities, brain and cervical and lumbar spinal cord were assessed histologically. Attention was paid to prefrontal cortex (PFC), hippocampus, striatum and cerebellum, but we detected no differences between wild-type and mutant littermates in brain or spinal cord morphology or motor neuron counts in the sciatic motor pool (supplemental material, supplemental Fig. S3A -D, available at www. jneurosci.org as supplemental material).
Cortical neuron dendrite outgrowth and branching
As axonal and dendritic development is known to be mediated by cytoplasmic dynein-dependent processes, we investigated the morphology of cortical neurons, including those in the PFC. A GFP expression plasmid was transfected into the cortex of embryos at E15 by in utero electroporation, selectively labeling neurons that would in the developed brain become layer II/III cortical projection neurons. Two days after electroporation dissociated cortical cultures were prepared from fluorescing hemispheres. Ten days later GFP-expressing cells were analyzed to determine patterns of dendritic outgrowth and branching (Fig. 3A) . We found the mean dendritic tree length was significantly increased in Dync1li1 N235Y/N235Y neurons ( Fig. 3Bi ; wild type, 370.3 Ϯ 33.46 m; Dync1li1 N235Y/N235Y , 452.6 Ϯ 34.52 m; p ϭ 0.0029). Furthermore, individual dendrites terminated significantly further from the soma in Dync1li1 N235Y/N235Y neurons than wild-type controls ( Fig. 3Bii ; wild type, 170.9 Ϯ 4.637 m; Dync1li1 N235Y/N235Y , 182.6 Ϯ 4.411 m; p ϭ 0.0281). Thus homozygous mutant dendrites grew longer and extended further from the soma than those of wild-type animals, which may have implications for correct connectivity between neurons in vivo. Despite these differences in dendritic tree length, wild-type and Dync1li1 N235Y/N235Y neurons had the same average number of dendritic trees (supplemental Fig. S4 A, available at www. jneurosci.org as supplemental material; wild type, 5.405 Ϯ 0.3388; Dync1li1 N235Y/N235Y , 4.923 Ϯ 0.2807; p ϭ 0.4697) and the trees displayed similar branching patterns: the average number of branch points, or nodes, per dendrite was not statistically different (supplemental Fig. S4 B, available at www. jneurosci.org as supplemental material; wild type, 3.985 Ϯ 0.3221; Dync1li1 N235Y/N235Y , 4.236 Ϯ 0.2391; p ϭ 0.4697). In addition, the frequency of nodes per dendritic tree was statistically indistinguishable between wild-type and Dync1li1 N235Y/N235Y neurons. This indicates that the variability in branching patterns observed between neurons within each genotype, was consistent between the two genotypes (supplemental Fig. S4C , available at www.jneurosci.org as supplemental material). Finally, a Sholl analysis showed virtually identical number of intersections within given radii of the cell body for wild-type and Dync1li1 N235Y/N235Y neurons (supplemental Fig. S4 D, available at www.jneurosci.org as supplemental material). Therefore, increased dendrite outgrowth, but not increased branching, characterizes cortical neurons in Dync1li1 N235Y/N235Y neuron cultures.
To determine whether dendritic branching and organization defects occur in Dync1li1 N235Y/N235Y neurons in vivo, embryos subjected to electroporation with GFP at E15 were left to develop normally and brains were harvested at P15. In these experiments electroporation was targeted toward the PFC, an area that has been associated with anxiety studies in lesion studies (Deacon et both the open and closed arms. D, On the successive alleys task Dync1li1 N235Y/N235Y mice spent less time in the more anxiogenic alleys compared with wild types. E, They also made fewer entries to these alleys (the Dync1li1 N235Y/N235Y mice did not make any entries to alleys 3 or 4). F, Footprint analysis using the CatWalk system found that compared with wild types, Dync1li1 N235Y/N235Y mice displayed a significantly greater difference between the BOS of their front legs and hind legs due to a relative narrowing of the front BOS and a widening of the hind BOS; a representative sample from one animal is shown. Green, Right front foot; dark green, right hind foot; red, left front foot; dark red, left hind foot. Animals walked from right to left.
al., 2003). We found mutant phenotypes that could not be observed in in vitro cultures: in the PFC of Dync1li1 N235Y/N235Y animals more neurons that had migrated past their appropriate layer II/III position and into the uppermost part of the cortex (Fig. 3C ,E; quantitation shown in H). More caudally (Fig. 3 I, J ) there was a marked increase in GFP-labeled neurons in the uppermost layer of the cortex in Dync1li1 N235Y/N235Y mice. Many of these neurons displaced from layer II adopted abnormal orientation in Dync1li1 N235Y/ N235Y animals compared with wild types (Fig. 3D,F) and also a proportion within layer II/III showed abnormal orientation (Fig. 3G) . Figure 3 shows that this misorientation was characterized by the apical dendrite not projecting radially, toward the pial surface, but instead to varying degrees tangentially. In addition we observed neurons with abnormal apical dendrite morphology including thickening of the dendrite and often irregular trajectories (Fig. 3K, arrow) .
Adult sensory neuron branching
To establish whether the Dync1li1 N235Y mutation affected neuronal branching in the periphery we examined neuronal cultures from wild-type and Dync1li1 N235Y/N235Y DRGs. We also examined the possibility that the Dync1li1 mutation might affect dyneinbased retrograde injury signaling by performing conditioning lesion experiments as described previously (Hanz et al., 2003) .
Two wild-type and two Dync1li1 N235Y/N235Y male mice of 2-4months old were used for each experiment, and three independent replicates were carried out. Mice were subjected to unilateral sciatic nerve crush at mid-thigh level; 3 d later, dissociated cultures were prepared from L4 -5 DRGs ipsilateral and contralateral to the nerve crush. Neurons were fixed after 20 h in culture, stained with anti-NFH, and branching was measured. As shown in Figure 4A ,B, in naive conditions NFH-positive sensory neurons from Dync1li1 N235Y/N235Y mice had a greater number of branches than wildtype controls. We found similar results for neurons under injury conditions, although differences were less significant than for naive conditions, apparently due to a more marked injury response in wild-type neurons (47.6% increase in branching after injury, compared with 33.5% increase in the mutants).
To assess nerve branching in developing animals we performed whole mount neurofilament immunohistochemistry in the limbs of E13.5 animals; we found no significant difference between wild-type and Dync1li1 N235Y/N235Y animals in the number of branch points (supplemental material, supplemental Figure S4 , available at www.jneurosci.org as supplemental material) and whole-mount neurofilament staining did not show any obvious abnormalities in the peripheral nervous system of homozygotes at P12.5 (Christiana Ruhrberg, personal communication).
Neurophysiology of sensory neurons and dorsal root ganglia histology
Mice with mutations in the dynein heavy chain 1 subunit have a loss of cutaneous and proprioceptive sensory neurons, and so for comparison we undertook sensory nerve conduction studies of the saphenous nerve on 8 wild-type and 7 Dync1li1 N235Y/N235Y homozygous male littermates (3 months of age, N3). Recordings Figure 3 . Morphology of wild-type and mutant Dync1li1 N235Y/N235Y cortical neurons. A, Cortical neurons were electroporated in vivo at E15, then cultured in vitro from E17 embryos. At 10 DIV they were analyzed to compare morphology of wild-type and Dync1li1 N235Y/N235Y cortical neurons. GFP-positive neurons (i) were hand-traced using Neurolucida software (ii). B, The length of dendritic trees for wild-type and Dync1li1 N235Y/N235Y neurons, in vitro. i, Dync1li1 N235Y/N235Y dendrites were significantly longer than in wild-type neurons ( p ϭ 0.0029). ii, Dync1li1 N235Y/N235Y dendrites terminated significantly further from the soma than wild-type dendrites ( p ϭ 0.00281). C, Low magnification of the cortex from a wild-type brain electroporated with GFP at E15 and harvested at P15. GFP-positive neurons occupy a discreet band corresponding to cortical layers II/III. D, i, Higher-magnification image showing the orientation of a pyramidal neuron in layer II. ii, Neighboring neurons align in the same orientation with apical dendrites projecting toward the pial surface. E, The cortex from a Dync1li1 N235Y/N235Y brain electroporated with GFP at E15 and harvested at P15 (rostrocaudally matched with C). Compared with C, GFP-positive cells were more distributed, with more neurons residing in the uppermost part of the cortex (arrows). F, The cell body and apical dendrite of neurons located closer to the pial surface in Dync1li1 N235Y/N235Y mutants were mis-oriented. G, Neurons in layer II of Dync1li1 N235Y/N235Y cortex also often displayed incorrect orientation. H, Comparison of the proportion of electroporated neurons located in upper layers of the neocortex, as measured by fluorescence intensity. I, Higher-magnification imaging from wild-type cortex in more caudal sections showed most GFP-positive neurons within layer II/II. J, In contrast to I, GFP-expressing cells in Dync1li1 N235Y/N235Y cortex occupied a location much closer to the pial surface. K, The apical dendrite of neurons Dync1li1 N235Y/N235Y cortex were often thickened and projected in an incorrect orientation. Scale bars: A, C, E, I, J, 100 m; D, F, G, K, 50 m. were taken of the A (myelinated)-or C (unmyelinated)-fiber SNAPs; we found a small but significant ( p Ͻ 0.05) reduction of the peak-to-peak amplitude of the A-fiber SNAP from 3.2 Ϯ 0.3 mV in wild types to 2.5 Ϯ 0.2 mV in homozygous mutants (Fig.  5A) but no difference in the conduction velocity (wild type, 28.8 Ϯ 0.8 m/s; Dync1li1 N235Y/N235Y , 27.1 Ϯ 1.2 m/s; p Ͼ 0.2). With respect to the C-fibers, we found no significant reduction of the peak-to-peak amplitude of the C-fiber SNAP (wild type, 391 Ϯ 48 V; Dync1li1 N235Y/N235Y , 385 Ϯ 61 V, p Ͼ 0.4) and no significant reduction of the conduction velocity (wild type, 0.86 Ϯ 0.06 m/s; Dync1li1 N235Y/N235Y , 0.92 Ϯ 0.04 m/s; p Ͼ 0.4).
To determine whether the sensory electrophysiological defect in A-fiber SNAP was reflected histologically, DRGs from the cervical and lumbar spinal cord were stained for NFH (a marker for myelinated fibers) and peripherin (a marker for thin myelinated and unmyelinated fibers) (supplemental Figure S5A , available at www.jneurosci.org as supplemental material). We found no differences in the NFH-and peripherin-immunoreactive cell profiles in cervical or lumbar DRGs of wild-type or mutant animals (supplemental Table S1 , available at www.jneurosci.org as supplemental material). However, analysis of the size distribution of labeled neuronal profiles revealed a significant shift to the left (smaller neurons) in homozygous mutants compared with wild-type littermates in lumbar DRG. Changes in cervical DRGs were smaller which is compatible with a length-dependent effect as seen in many neuropathies ( Fig. 5B; Table 1 ).
We also stained cervical and lumbar DRGs for calcitonin gene-related peptide (CGRP, a marker of peptidergic nociceptors) and parvalbumin (stains prioprioceptors and mechanoreceptors) (supplemental Fig. S5B , available at www.jneurosci.org as supplemental material). Similarly, we found no differences in the percentage of CGRP-and parvalbumin-immunoreactive cells in the cervical and lumbar DRGs of wild-type and mutant animals (supplemental Table S2 , available at www.jneurosci.org as supplemental material), but there was a significant shift to smaller neurons in homozygous mutants compared with wildtype littermates (Table 2) .
We found no loss of epidermal nerve fiber density between wild-type and mutant animals, and no reduction in the number of Merkel cells, whose survival depends on innervation by mechanoreceptive sensory neurons. Together these findings indicate that there is no distal degeneration of large myelinated or unmyelinated sensory neurons. To establish whether the Dync1li1 N235Y mutation had any effect upon the saphenous nerve itself, a histological analysis was performed upon the saphenous nerves of 3 wild types and 3 homozygotes and we found no difference in average fiber size, fiber size distribution, g-ratio, or average axonal diameter (supplemental material, supplemental Fig. S5C -F, supplemental Table S3 , available at www.jneurosci.org as supplemental material). mice under naive and injury conditions. Right leg sciatic nerves of wild-type and mutant mice were crushlesioned 3 d before dissection of L4 -5 DRGs for primary culture of sensory neurons; corresponding contralateral DRGs were used for naive controls. Cultures were imaged by automated fluorescent microscopy after 20 h in vitro, to obtain 150 images per slide, at magnification 10ϫ. B, Quantification shows a significant increase in branching of naive sensory neurons from Dync1li1 N235Y/N235Y homozygotes (29.4% increase over wild type). Increased branching was also observed in homozygous Dync1li1 N235Y/N235 sensory neurons after injury, although the difference is less pronounced than in naive neurons, apparently due to a more robust injury response in the wild-type neurons. ***p Ͻ 10 Ϫ6 ; *p Ͻ 0.05 (Student's t test). Scale bar, 100 m. As Dync1li1 N235Y/N235Y animals have a different gait from wildtype littermates, motor nerve conduction velocity was assessed wild-type and Dync1li1 N235Y/N235Y littermates and we found no differences between genotypes (supplemental material, available at www.jneurosci.org). In aggregate these findings indicate that there is no loss of subpopulations of neurons, but a hypotrophy of all cell types and no dying back neuropathy of motor, or large and small diameter sensory neurons.
Dynein-controlled processes in Dync1li1 N235Y/N235Y mouse embryonic fibroblasts
We studied the effect of the Dync1li1 N235Y mutation on two important cellular processes known to involve cytoplasmic dynein: maintenance of Golgi integrity and endosomal movements. Golgi abnormalities have been reported in both Dync1h1 Loa (Hafezparast et al., 2003) and in Drosophila with a mutation in the dynein light intermediate chain (Zheng et al., 2008; Palmer et al., 2009) . We analyzed the effect of the Dync1li1 N235Y mutation on reassembly of Golgi complex in MEFs, following exposure to nocodazole. We found Golgi reassembly progressed throughout the recovery time and was almost complete in wild-type cells within 50 min, thus there was no significant difference in the ratio of Golgi spots per unit area in wild-type cells compared with the corresponding untreated wild-type cells at the 50 min time point ( p ϭ 0.31) ( Fig. 6 A, B; supplemental Fig. S6 , available at www. jneurosci.org as supplemental material). However, there was a defect in Golgi complex reassembly in Dync1li1 N235Y/N235Y cells, when untreated and treated cells at the 50 min recovery time point were compared ( p ϭ 0.008). No statistically significant differences ( p ϭ 0.06) were observed in the ratio of Golgi spots per unit area in heterozygous Dync1li1 N235Y/ϩ cells under these two conditions (supplemental Fig. S6 , available at www. jneurosci.org as supplemental material).
As dynein is responsible for the trafficking and sorting of endosomes within the cell (Driskell et al., 2007) we investigated the effect of the Dync1li1 N235Y mutation on endosomal dynamics. Wild-type and homozgygous MEFs were pulsed with Alexa Fluor 555-conjugated EGF, then fixed at set time points ( Fig. 7 A, B) , and the number of EGF-positive vesicles in each cell was counted. When we compared the number of EGF-positive vesicles, as a measure of their trafficking to the lysosome for degradation, at 20 and 40 min time points, we observed significant differences between wild-type and homozygous MEFs ( p ϭ 0.0032 and p ϭ 0.0007 respectively) which may indicate a slower rate of degradation.
Dynein subunit levels and interactions
We generated antibodies against wild-type DYNC1LI1, and the dynein intermediate chain protein 1, DYNC1I1 (supplemental material, supplemental Fig. S7 , available at www.jneurosci.org as supplemental material). To investigate whether the DYNC1LI1 mutation affected its stability or expression, or its interactions with other components of the dynein complex, we assessed various cytoplasmic dynein subunit levels in brain from 12-month old wild-type and Dync1li1 N235Y/N235Y mice and found no differences in individual protein levels, except for a significant increase in the levels of DYNLT3 in Dync1li1 N235Y/N235Y mice compared with wild-type controls ( p ϭ 0.001; supplemental Fig. S8 A, B , supplemental Table S4 , available at www.jneurosci.org as supplemental material). Coimmunoprecipitation studies indicated DYNC1LI1 N235Y was still bound within the complex, and also that there was a significant decrease in the amount of coprecipitating DYNLL in mutant samples when compared with wild type ( p ϭ 0.000005; supplemental material, supplemental Fig. S8C -E, supplemental Table S5 , available at www.jneurosci.org as supplemental material). We found no differences in the autophagy For mean Ϯ SEM values, the values in parentheses are ranges. Neurofilament: There was no significant difference ( p Ͼ 0.1, Kolmogorov-Smirnov test) in the distribution of the profile areas of cervical NFH-immunoreactive DRG neurons between wild-type mice (719 Ϯ 324 m 2 , mean Ϯ SD; n cells ϭ 201, n animals ϭ 3) and Dync1li1 N235Y/N235Y littermates (664 Ϯ 275 m 2 , mean Ϯ SD; n cells ϭ 286, n animals ϭ 4). Data not shown. The distribution of the profile areas of lumbar NFH-immunoreactive DRG neurons is significantly different ( p Ͻ 0.025, Kolmogorov-Smirnov test) between wild-type mice (765 Ϯ 296 m 2 , mean Ϯ SD; n cells ϭ 165, n animals ϭ 3) and Dync1li1 N235Y/N235Y littermates (686 Ϯ 280 m 2 , mean Ϯ SD; n cells ϭ 240, n animals ϭ 4) (Fig. 5B) . Peripherin: The distribution of the profile areas of cervical peripherin-immunoreactive DRG neurons is significantly different ( p Ͻ 0.025, Kolmogorov-Smirnov test) between wild-type mice (335 Ϯ 152 m 2 , mean Ϯ SD; n cells ϭ 338, n animals ϭ 3) and Dync1li1 N235Y/N235Y littermates (307 Ϯ 165 m 2 , mean Ϯ SD; n cells ϭ 496, n animals ϭ 4). Data not shown. The distribution of the profile areas of lumbar peripherin-immunoreactive DRG neurons is significantly different ( p Ͻ 0.001, Kolmogorov-Smirnov test) between wild-type mice (353 Ϯ 199 m 2 , mean Ϯ SD; n cells ϭ 319, n animals ϭ 3) and Dync1li1 N235Y/N235Y littermates (286 Ϯ 151 m 2 , mean Ϯ SD; n cells ϭ 430, n animals ϭ 4) ( Fig. 4C ). (Fig. 5D ).
marker LC3 II or in the cellular localization of DYNC1LI1 or its cargo RAB4 between wild-type and mutant animals in cortical neurons (supplemental material, supplemental Fig. S8F -K, available at www.jneurosci.org as supplemental material).
Discussion
We have identified and characterized a novel mouse line carrying an ENU-derived mutation causing an asparagine to tyrosine change in DYNC1LI1 at highly conserved residue 235. This is the first published mammalian mutant of a dynein light intermediate chain and allows us to assess aspects of dynein function that have not been highlighted thus far in the available mouse models of dynein dysfunction. Dync1li1 N235Y/N235Y homozygote mice show increased anxiety-like behavior and altered gait in behavioral tests and have neurons with altered morphologies and electrophysiological properties. The Dync1li1 N235Y mutation changes Golgi formation and endosomal trafficking, and the level expression and association of two other subunits of the dynein complex.
Our behavioral studies reveal that Dync1li1 N235Y/N235Y homozygotes display greater levels of anxiety-like behavior than wild-type littermates on both the elevated plus maze and successive alleys task. Although these tasks can be influenced by changes in baseline levels of locomotor activity, the two groups did not differ in the distance traveled on the elevated plus maze, suggesting that the reduced exploration of the open arms by the Dync1li1 N235Y/N235Y mice could not be explained by hypoactivity, and no hypoactivity was found in wheel running tests. Despite this, it is difficult to conclusively disassociate anxiety and locomotor activity as these two factors are closely linked (reduced locomotor activity potentially may result from increased anxiety as well as potentially acting as a confound in the measurement of anxiety) (Milner and Crabbe, 2008) . Because of this difficulty, defecation was used as a non-locomotor measure of anxiety (DeFries et al., 1978) . The increased defecation observed in Dync1li1 N235Y/N235Y mice during behavioral testing supports the hypothesis that these animals display increased levels of anxiety.
Dync1li1 N235Y/N235Y homozygotes have defects in cortical projection neuron morphology and the laminar positioning of this neuronal population, which indicates a migration defect affecting the cortex and prefrontal cortex. Alterations in neuronal morphology in the medial PFC have been found to be induced by chronic stress (Goldwater et al., 2009) , as well as anxiety (Pascual and Zamora-Leó n, 2007) . Stress linked neuronal migration defects have also been observed in the hippocampus (Keays et al., 2007; Scobie et al., 2009) and basolateral amygdala (Kudo et al., 2007; Carim-Todd et al., 2009) . A number of other mouse models with PFC-related behavioral deficits show defects in neuronal morphology or migration. However, linking behavior and migration defects is complex, for example migration defects observed in this study are similar to those in the Lmx1a (dreher) mutant mouse (overmigration of layer II neurons into layer I), but the two mouse lines show markedly different behavioral phenotypes-dreher mice show circling behavior, balance abnormali- Figure 6 . Golgi reassembly in wild-type and Dync1li1 N235Y/N235Y MEFs. A, MEFs were treated with cold (4°C) for 20 min and nocodazole for 3 h, washed and then allowed to recover at 37°C for the times indicated. Golgi are shown in red, cytoskeleton in green (␣-tubulin) and nuclei in blue (DAPI). The scale bar represents 30 m. B, The total number of discrete spots and the total area of Golgi complex were measured to calculate the ratio of spots/total area per cell; 5 cells per genotype were assessed. In wild-type and heterozygous cells, after 50 min of recovery, the Golgi complex has reformed and is not significantly different from that in untreated cells. However, in the Dync1li1 N235Y/N235Y homozygous mutant cells, the Golgi complex has a significant defect in recovery after 50 min compared with untreated cells and treated wild-type and heterozygous cells at the same time point. ties, hyperactivity and deafness, none of which we see in Dync1li1 N235Y/N235Y homozygotes) (Costa et al., 2001) .
Dynein is involved in neuronal migration through its interactions with LIS1 (Tsai et al., 2007) . Lis1 mutant mice have severe defects in neuronal migration in the brain, including in the same cortical regions disrupted in Dync1li1 N235Y/N235Y homozygotes (Hirotsune et al., 1998) . However, Lis1 mutant mice do not show changes in anxiety (Paylor et al., 1999) suggesting the interesting possibility that neuronal defects observed in Dync1li1 N235Y/N235Y mice may be due to interactions with pathways other than those regulated by LIS1.
We note that importins, transported by cytoplasmic dynein (Perry and Fainzilber, 2009) , are involved in synapse-to-nucleus signaling downstream of NMDA receptors (Thompson et al., 2004; Dieterich et al., 2008; Jeffrey et al., 2009) , and NMDA receptors are important mediators of anxiety (Barkus et al., 2010) . It is possible the Dync1li1 N235Y mutation affects importin transport in response to NMDA receptor activation, thus altering anxiety in these mice.
Previous mouse studies have shown DYNC1H1 plays an important role in prioprioception and sensory neuronal function (Chen et al., 2007; Ilieva et al., 2008) . Similarly the Dync1li1 N235Y mutation alters the firing properties, neuron size and morphology of sensory nerves. Thus as sensory nerve deficits have been found now in mouse models with mutations in two different cytoplasmic dynein subunits, possibly DRG neurons are more reliant on dynein-mediated processes than other neuron populations. Cell type specificity may be due to different cargos transported by dynein within the different cells-studies in Drosophila show the dynein light intermediate chain interacts with a class of degenerin/ epithelial sodium channels (Zheng et al., 2008) that in mammals appear to be found exclusively in DRG (Benson et al., 2002) .
Mutation of the light intermediate chain in Drosophila cause dendritic and axonal defects in neurons, such as branching defects and a reduction of the dendritic arbor (Satoh et al., 2008; Zheng et al., 2008) . However, these neuronal phenotypes differ from those found in the present study: in Drosophila mutations in the light intermediate chain cause a reduction in the length and number of dendrite branches (Satoh et al., 2008; Zheng et al., 2008) , whereas the Dync1li1 N235Y/N235Y mice have an increase in dendrite length in cortical neurons (with no changes in branching) and an increase in the number of dendrite branches in DRG neurons. These differences may arise because the reported Drosophila mutations cause loss of function, while the Dync1li1 N235Y may be a novel gain of function.
The light intermediate chains play an essential role in endosomal dynamics in cells through their interactions with the RAB protein family (Bielli et al., 2001; Satoh et al., 2008; Zheng et al., 2008) . Studies of the cytoplasmic dynein light intermediate chain in Drosophila suggest the cellular machinery controlling dendrite branching is transported in endosomes and Golgi outposts (Satoh et al., 2008; Zheng et al., 2008) . Our data from the Dync1li1 N235Y mutation support this view to some extent: we found the Dync1li1 N235Y mutation reduces the trafficking of Golgi fragments and endosomes. However, while branching defects were observed in DRG neurons in Dync1li1 N235Y/N235Y mice, we found no such defects in cortical neurons or in the peripheral nerves in the developing limb. In contrast, the cortical neurons of Dync1li1 N235Y/N235Y mice showed other morphological abnormalities such as increased dendrite outgrowth. These results imply that dynein-mediated processes may mediate different aspects of neuronal morphology in different neuronal populations.
We also note that the Dync1li1 N235Y mutation lies at the periphery of a known binding site for pericentrin. The primary function of pericentrin is thought to be the control of the mitotic spindle and the assembly of the centriole. Interestingly, a recent study of Cep120 (a centriole localized protein) hypothesized that defects in centriole formation may lead to alterations in neuronal migration (Mahjoub et al., 2010) . Furthermore, there is also evidence to suggest that pericentrin may play a role in ciliogenesis (Miyoshi et al., 2006) and that ependymal cilia are responsible for directing CSF flow (Lang et al., 2006) . Because abnormal CSF flow is linked to gait abnormalities [for example, in the human condition, normal pressure hydrocephalus (Gideon et al., 1994) ], it is possible that the Dync1li1 N235Y mutation causes abnormalities in pericentrin localization/function that affect cilia and CSF flow, and thus locomotion in this mouse. Future studies of the Dync1li1 N235Y mutation should look at the interaction between the mutated light-intermediate chain 1 and pericentrin.
In Dync1li1 N235Y/N235Y mice our quantified Western blot studies indicate increased levels of DYNLT3. We cannot tell whether this light chain lies within the complex or not from our westerns, but our immunoprecipitation experiments reveal that while the interaction of the intermediate chains in the core complex is maintained, (1) the increased DYNLT3 levels were not incorporated into the complete complex, and (2) there is a reduction in binding of the DYNLL light chains. Currently there is no evidence of a direct interaction between the dynein light intermediate and light chains. Instead the light chains are thought to interact with the intermediate chains within the core complex. It is possible the Dync1li1 N235Y mutation alters the confirmation of the intermediate chains in the complex and this change affects the association of the light chains.
Our knowledge of the roles of the individual cytoplasmic dynein subunits comes from studies in nonmammalian organisms and in transfected cell lines, with the exception of the heavy chain, for which four mutant alleles are known in mouse: (1) a gene targeted knock-out; the point mutants (2) Legs at odd angles (Dync1h1 Loa ) and (3) Cramping 1 (Dync1h1 Cra1 ); (4) a 9 bp coding deletion Sprawling (Dync1h1 Swl ) (Harada et al., 1998; Hafezparast et al., 2003; Chen et al., 2007) . Homozygous knock-out (null) mice die early in embryogenesis and there is no reported phenotype for heterozygous knock-outs (Harada et al., 1998) . In contrast Dync1h1 Loa , Dync1h1 Cra1 and Dync1h1 Swl heterozygotes have major defects in the proprioceptive system and locomotor abnormalities (homozygotes die in embryogenesis/at birth) (Harada et al., 1998; Hafezparast et al., 2003; Kieran et al., 2005; Chen et al., 2007; Banks and Fisher, 2008; Ilieva et al., 2008; Dupuis et al., 2009) . We note that the phenotype of the Dync1li1 N235Y mouse strain is different from that of the four heavy chain mutants, particularly with respect to behavior. The heavy chain and Dync1li1 N235Y mutants all give rise to defects in Golgi reassembly (Hafezparast et al., 2003) and EGF trafficking (Hafezparast et al., 2003;  our unpublished data) both of which are known to be dynein-dependent processes. However, heterozygous Dync1h1 Loa/ϩ mice develop an obvious gait abnormality ("low-based, reptilian") easily visible by eye, plus significant defects in rotarod and grip-strength, none of which we find in the Dync1li1 N235Y/N235Y mutants at comparable ages (Hafezparast et al., 2003) . There are also significant reductions in axon numbers in the saphenous nerve of Dync1h1 Loa/ϩ mice and more profound neurophysiological changes in nerve conduction properties compared with the Dync1li1 N235Y/N235Y mutants (AlQatari et al., 2009). We note that we did not find significant alterations in peripheral nerve branching at E13.5, whereas this was see in both heterozygous and homozygous Dync1h1 Loa mutants. A deeper comparison of the different subunit mutants at the cellular level would shed more light on the role of specific subunits, versus the entire complex, and here we clearly show phenotypes that have not been described before for in any of the heavy chain mutants. We note that Ori-McKenney, Vallee and colleagues have recently shown altered processivity of dynein with the Dync1h1 Loa heavy chain mutation (Ori-McKenney et al., 2010) , such a change is unlikely in the Dync1li1 N235Y light intermediate chain mutation, which would presumably explain the somewhat different phenotypes of mutant mice, although this needs to be investigated.
Here we have used freely available mouse genetics resources to take a focused genotype-driven approach, working with a point mutation likely to be more informative than a knock-out, to analyzing one more of the 11 cytoplasmic dynein subunit proteins and have uncovered diverse roles at the level of the whole organism, nervous system and cell. The Dync1li1 N235Y mouse has opened up new avenues for investigation of the roles of cytoplasmic dynein and its individual components, and gives new insight into the functioning and architecture of the mammalian nervous system.
